Results on a systematic study on the effects of ion implantation on the near-surface mechanical and structural properties of boron suboxide (B 6 O) prepared by uniaxial hot pressing are reviewed. 150 keV fluorine ions at fluences of up to 5.0 × 10 16 ions/cm 2 were implanted into the ultrahard ceramic material at room temperature and characterized using Raman spectroscopy, atomic force microscopy (AFM), and scanning electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDX). Evidence of ion-beam-assisted nucleation of novel clustered B x O y F z particles by ion implantation is revealed. In addition, obtained results also reveal that fluorine implantation into the B 6 O specimen leads to an overall degradation of near-surface mechanical properties with increasing fluorine fluence. Implications of these observations in the creation of amorphous near-surface layers by high-dose ion implantation are discussed in this paper.
Introduction
Energetic ions have been of interest to researchers for their capability of (i) characterization of materials, (ii) modification of materials, and more recently (iii) synthesis of new materials. Of particular interest is the possibility of ion beams to circumvent thermodynamic limits related to conventional methods such as diffusion, solubility, deposition, and alloy formation by providing high kinetic energy through ion impact and utilizing ballistic effects during ionsolid interaction [1] [2] [3] [4] . Moreover, ion implantation allows the precise control of the ion energy, ion fluence, dopant distribution as well as a choice of the ion species. As a result the surface modification conditions can also be influenced with a great deal of reproducibility and control for specific needs, that is, either synthesis, modification, or characterization of materials. The increasing fascination with low-dimensional material structures is mainly motivated by the search for new materials with tunable novel properties of evident technological relevance. It is therefore not surprising that nanostructured materials are gaining growing importance due to their unique properties that are intermediate between those corresponding to the bulk solids and molecules. In recent years many groups have reported on the ionbeam-assisted synthesis of novel nanostructured materials by ion implantation [3, [5] [6] [7] . In addition, unique and 2 Advances in Materials Science and Engineering sometimes superior mechanical [1, 8] , structural [2, [9] [10] [11] , optoelectronic [7, 12] , corrosion, and tribomechanical surface properties [2, 13] of the ion-implanted materials have also been reported.
Boron suboxide, B 6 O, is an superhard boron-rich ceramic material. It exhibits a rather unusual and wide range of superior properties; among these are high hardness with low density, high mechanical strength, oxidation resistance up to high temperatures as well as its chemical inertness [14] [15] [16] [17] [18] . The potential applications of B 6 O as ideal wearreduction coatings for high-speed cutting tools, abrasives, or other high-wear applications, for example, have been an object of intense interest in recent years [19, 20] . However, despite the intensive research efforts, the commercial applications are yet to be realized. This is partly because of the low fracture toughness of hot-pressed materials [17, 18] and the considerable practical challenges associated with the densifying stoichiometric B 6 O material with good crystallinity [17, 18] . Furthermore, numerous mechanical properties of the material were until recently rather poorly understood [14, 21] .
Preliminary first-principle ab initio density functional calculations of the structural properties of boron suboxide (nominally B 6 O) by Lowther suggest that the strength of the bonding in B 6 O (and other boron-rich superhard materials such as B 4 C and AlMgB 14 ) may be enhanced by the presence of a high electronegativity interstitial in the structure [22] . The computational calculations confirm the shortening of covalent bonds which is believed to favour higher elastic constants and hardness values. By introducing energetic fluorine ions into B 6 O using ion implantation-a nonequilibrium technique of choice for introducing "controlled" defects into the near-surface layers [4, 23] . To the best of our knowledge, no work has been reported on effect of ion implantation on the near-surface mechanical and structural properties of B 6 O.
In our work, the radiation effects of the ceramic material under heavy ion irradiation have been studied to develop an understanding of the radiation resistance evolution with respect to the material properties. We apply nanoindentation, Raman spectroscopy, atomic force microscopy (AFM), and scanning electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDX) to demonstrate the synthesis of B x O y F z clustered particles using 150 keV fluorine ion implantation into B 6 O. This paper reviews results obtained in the study. [18] was prepared and uniaxially hot-pressed in hBN pots under argon environment at 1800 • C and 50 MPa for 20 min at the School of Chemical and Metallurgical Engineering, University of the Witwatersrand, Johannesburg, South Africa. The hot-pressed compacts were then prepared using a method [21] . The density of the hotpressed compacts measured 2.44 g/cm 3 . 150 keV fluorine ions were implanted into hot-pressed B 6 O specimen at fluences between 1.0 × 10 14 to 5.0 × 10 16 ions/cm 2 at room temperature. A modified VarianExtrion 200-20A2F model ion implanter at iThemba LABS (Gauteng), Johannesburg was used. The nomenclature of the unimplanted and implanted samples is tabulated in Table 1 . The depth distribution of the radiation damage and implanted ion profile were estimated using SRIM2010 [24] , a suite of Monte Carlo computational codes popular for the simulation of the interactions of energetic ions with the target material.
Experimental Methods
The specimen's surface microstructure and composition were characterized by SEM and EDX, respectively. The specimen surface topography was characterized using AFM. Gwyddion v2.24 [25] , a modular multiplatform software for profilometric data analysis, was used to analyze AFM images. The powder diffraction patterns were collected using a Cu K α source in the Bragg-Brentano backscattering geometry over a 10
• -90 • 2θ range, with a 0.02 • step size. Raman measurements performed at the CSIR's National Centre for nanostructured materials nanomaterial characterization facility under ambient conditions using a 514.5 nm Ar + ion excitation were used to characterize the ion beam induced structural modifications whilst the mechanical properties of the unimplanted and implanted samples were determined using nanoindentation at Nelson Mandela Metropolitan University, Port Elizabeth. Details of the experimental procedures of the Raman spectroscopy and the nanoindentation measurements are also reported elsewhere [14, 26] .
Results and Discussions

Structural Characterization
3.1.1. Implant Depth Profile. The distribution of the implanted fluorine ions estimated using SRIM2010 can be described as a near-Gaussian shape function characterized with a projected range of about 450 nm and an estimated range straggling of about 60 nm. However, in practice we are aware that the SRIM estimation does not take into account the possible surface sputtering, dynamic annealing, and diffusion processes taking place during ion implantation. [15] [16] [17] . 4 The analysis of the surface composition by EDX is also indicative of nominally pure B 6 O phase. The observed 5 iron contamination (typically a few wt.%) is expected and unavoidable possibly as a direct consequence of the abrasion of the steel ball and the containment cell during powder ball milling [19, 20, 27] . The SEM and EDX analysis of the heavily implanted specimen (B4 in Figures 2(b)-2(d) ), for example, shows obvious dissimilarities between the unimplanted and the implanted specimen. Firstly, in addition to the homogeneous B 6 O phase the surface pores and the iron and chromium contamination, SEM micrographs show evidence of the existence of additional clusters of ion-beam-synthesized particles. Secondly, image analysis of the microstructure (Figures 2(b) and 2(c)) indicates that the average particle sizes of the formed clusters is 110 nm. Thirdly, the measured EDX pattern shows two weak iron peaks at 0.75 ev and 6.4 eV. Although the positions of the 0.75 eV iron peak and the fluorine peak coincide, there appears to exist enough evidence observed to indicate a B x O y F z stoichiometry for the ion-beam-synthesized clustered particles. We have also observed that the compositional change becomes more significant with increasing fluorine implantation dose. The B 6 O signature EDX pattern unimplanted specimen is depicted in Figure 1 (b) [15, 28] .
Raman Spectroscopy Analysis.
Raman scattering spectroscopy is very sensitive to the nature of crystalline structure, disorder, and amorphization and is often employed to characterize ion-implantation-induced defects and any irregularity in the crystalline symmetry. The rather popular technique offers a rapid, nondestructive, and simple diagnostic probe for the evaluation of the structural modifications imposed by ion implantation and for optical characterization of ion-implanted specimens since the penetration depth of the laser beam is often of the order of the depth of penetration of implanted ions. Figure 3 shows the Raman spectra of pristine (specimen A) and F + -implanted hot-pressed B 6 O (specimens B to G). The Raman spectrum of the pristine specimen is characteristic of nominal composition B 6 O [21, [29] [30] [31] [32] .
The measured Raman spectra are evidently characterized by a relatively low Raman signal to noise ratio. Nevertheless, it is not difficult to see that F + implantation at fluences up to 5.0 × 10 15 ions/cm 2 reveals that the material resists amorphization and retains the crystal structure of B 6 O. At the same time, implantation at fluences above 5.0×10 15 ions/cm 2 clearly shows that the signature Raman spectrum of B 6 O predominately disappears (specimen D).
Rao et al. [33, 34] , in Raman scattering spectroscopy, the main effect in going from the crystalline to amorphous form is the introduction of characteristic features in the frequencies and line shapes of the Raman modes. However, for a diatomic lattice, the effect of amorphization should be a decrease in intensity of the lattice modes and even the disappearance of these modes at higher ion implantation doses. Accordingly, we tentatively attribute the disappearance of the signature B 6 O Raman spectrum at implantation fluences exceeding 5.0 × 10 15 ions/cm 2 to amorphization as a result of ion-induced radiation damage.
Measured spectra on samples implanted at fluences beyond 5.0 × 10 15 ions/cm 2 reveal an almost unrelated and new asymmetrically broadened Raman feature centred around 1550 cm −1 . In general, it is widely accepted in the field that the observed line shape asymmetry is consistent with the size-dependent effects in measured Raman modesoptical phonon confinement [35] . The existence of ionbeam-synthesized aggregates made up of micro-and/or nanosized particles is known to exhibit this phenomenon. For example, we recently reported on the Raman spectra of cBN nanocrystals formed by He + ion implantation into hBN [9] . Several other researchers have also reported on the ion-beam synthesis of other nanostructures phased by ion bombardment [3, 5, 6] . In fact, ion implantation is a method of choice for synthesizing nc-Si in optoelectronics [7] . 6 A further increase in the implantation fluence beyond 5.0 × 10 15 ions/cm 2 gives rise to further increase in both width and intensity of the asymmetrically broadened Raman feature. Furthermore, increases in the feature's peak intensity with increasing ion dose may be a result of the increase in volume fraction of the clustered particles in the material surface layer. A critical fluence of about 3.0 × 10 16 ions/cm 2 was observed beyond which the volume fraction of the clustered particles will reduce owing to the existence of surface sputtering and possibly radiation damage.
In summary, a possible explanation of this Raman scattering characteristic in ion-implanted B 6 O could be the nucleation of a new micro-or nanocrystalline phase in the B 6 O matrix. At higher doses, ion implantation creates a nonequilibrium solid-state supersaturation of the implanted ions in solutions which could induce the precipitation of ionbeam-synthesized nanostructured particle nuclei effectively, due to thermodynamic stabilization. These nuclei grow additionally as a result of the surface deposition of solvated ions. According to Shen et al. [8] , the ion beam synthesis of the nanostructured particles could be conceptualized into several steps: (i) stopping and accumulation of F implants in the near-surface area of the host B 6 O matrix, (ii) supersaturation of this area by F implants, (iii) formation of nuclei of a B x O y F z phase, and (iv) growth of the nanoparticles from the nuclei. Stepanov best illustrates the basic physical processes involved in the formation of nanoparticles from an implant with respect to the ion dose in a diagram shown below in reference [3] .
Mechanical Characterization.
The representative indentation load-displacement (P-h) curves continuously measured during loading and unloading for the four specimens under investigation (unimplanted (specimen A) and fluorine implanted (specimens C, D, and G) ) are shown in Figure 6 specimen were evaluated from the nanoindentation response curves by applying a modified O&P procedure as outlined in Appendix A [37] [38] [39] . The AFM imaging of the indentation 8 impressions and analysis has been relegated to Appendix B. An average surface roughness (determined from the AFM images, see Figure 9 ) of about 7 nm R a measured on the surface appears to be a very small fraction of the maximum indentation depth and does not appear to influence the Surface sputtering under irradiation is also considered [36] . Diagram courtesy of Stepanov [3] . Note. In this study, all characterization was done on asimplanted specimen; no annealing was done. mechanical properties significantly. Table 2 shows a summary of the calculated values of H(E) and E, as well as the ratio H/E and the Meyer's index, n (see (1) below), also calculated from the experimentally measured loading P-h curves.
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In order to exhibit all dependences (of the mechanical properties on the fluence of implantation) in one figure for ease of analysis and comparison, the calculated values were normalized to those measured for the control specimen A and presented in Figure 7 .
The characterized mechanical properties are evidently influenced by the fluence of implantation. For example, an increase in the fluorine ion dose is observed to result in an overall decrease in the intrinsic hardness and the elastic modulus of the material, a decrease in the values of the ratio H/E, and a general increase in the Meyer's index values. These trends reflect the changes in the structure or the material, the mechanism of plastic deformation of the irradiated material, and most probably, after ion-implantation-induced amorphization of the pristine structure, as further discussed below.
Intrinsic Hardness.
From the measured P-h curves, the intrinsic hardness of the control pristine B 6 O specimen was evaluated to be 31 ± 0.2 GPa, a value in close agreement with recently published microhardness [15, 16] and nanohardness [40] values. The effect of F-ion implantation on the hardness value H(E) is summarized in Figure 7 (a). The change in the hardness value is quite small for implantation doses of up to 5 × 10 14 F + /cm 2 , while a severe decrease of about 30% is observed for a dose of 5 × 10 16 F + /cm 2 . Two mechanisms of plastic deformation, namely, phase transformation and plastic flow, can be responsible for a change in hardness during a nanomechanical testing experiment. The main indicator for the operation of phase transformation during the nanoindentation experiment is the appearance of dislocation discontinuities (kinks or popp-ins) in the P-h curves [41, 42] . Their absence in the P-h curves of hot-pressed B 6 O presented here (see Figure 6 ) suggests that the testing performed in the present study does not induce significant phase transformation; we suspect that the plastic deformation of hot-pressed B 6 O is accomplished by plastic flow. We consider the plastic flow to be associated with structural changes caused by radiation damage and the subsequent fluorine irradiation-induced amorphization. This relation supports the suggestion of plastic flow as the deformation mechanism of the ion-implanted hot-pressed ceramic B 6 O material. The softening of the ion-implanted specimen can be attributed to the amorphization of the surface layer, as identified by the micro-Raman spectroscopy characterization results.
Elastic Modulus.
From the measured P-h curves, the elastic modulus of the pristine B 6 O specimen was evaluated to be 330 ± 4 GPa, a value also consistent with previously published data [15] .
The Young's modulus is clearly correlated with the amorphization of the crystalline structure, although for low-irradiation fluences the values increase by about 10% before rapidly decreasing as amorphization of the crystalline structure supposedly takes place. We propose that the effect of ion implantation on the elastic modulus is related to the induced decrease in the short-range order (distortion) [46] of the B 12 icosahedral network. The initial increase might be attributed to the increase of the concentration of the interstitial nitrogen ions in the implanted surface region. A lower elastic modulus of the implanted hot-pressed B 6 O could be associated with the implantation-induced increase in the B-B bond angle deviations or simply the collective distortion of the individual B 12 icosahedra or/and the α-rhombohedral framework, as a result of ion bombardment (see Figure 7 (b)); it is well accepted that material having crystalline phases has a higher modulus than the materials with amorphous structure [43] . This is an observation which correlates well with the measured Raman results discussed in this paper (Figure 3 ).
H/E Ratio. The ratio of H(E) to E, (H/E) is known as
the rigidity index, a key parameter in determining the type of behaviour observed in nanoindentation and nanoscratching wear [44] [45] [46] . The ratio H/E can be regarded as a tool to describe, rank, or calculate values for performance criteria which are important in defining the wear resistance of a material, such as the elastic strain to failure, the critical yield pressure for plastic deformation, and the fracture toughness.
A high H/E ratio is often a reliable indicator of good wear resistance in a coating or layers [45, 47] . The pristine specimen shows a higher H/E ratio when compared to that of the implanted samples (refer to Figure 7(c) ). This implies that F ion implantation of the B 6 O surface at a larger fluence is expected to cause a considerable increase in the surface plasticity. The experimental sliding wear test data is not available at present. However, using this rigidity index approximation, we suspect that the wear resistance from the ion-irradiated surfaces is expected to degrade at a larger fluences of implantation.
The intrinsic hardness clearly correlates very well with the H/E ratio; this is no coincidence since hardness (or the plasticity) is known to have the decisive role of the surface layer on friction properties [45, 46] .
A comparison of the H/E ratio of hot-pressed B 6 O with other ultrahard ceramic materials is shown in Table 3 .
Meyer's Index.
To date, there exists immense experimental and theoretical evidence suggesting that, for some ceramic materials, the evaluated hardness value is not a material constant but rather a function of either the applied test load or the depth of the indentation-the indentation size effect (ISE) [48] [49] [50] [51] [52] . Several studies have reported that Meyer's law is sufficient to indicate the existence of ISE, although considered inadequate when describing the origins of ISE [48, 50] . The classic power law relationship shown in (1) is commonly known as Meyer's law:
Both A and n are constants for a particular sample. The descriptive parameters are usually deduced by a suitable regression analysis of the experimental load-displacement relations for the loading segment. The parameter n is also known as the size-effect index. It is usually considered as a measure of ISE [50, 52] . The Meyer index has been experimentally observed to be between 1.5 and 2.0 for ceramics [48] . For the normal ISE behaviour, the exponent n < 2-the measured hardness apparently decreases with increasing applied test load. When n > 2, there is the reverse ISE behaviour. When n = 2, the hardness is independent of the applied test load. 9
In this study ISE curves were modelled on the basis of the Meyer's model [50, 53] . Figure 7(d) shows an increase in n with the increasing ion dose of fluorine ions. In other words, there is a point to make at higher doses where n → 2; it appears there is the diminishing evidence of indentation size effects in hardness with increasing fluorine ion doses, and a single hardness value for the material exists.
Conclusions
The following conclusions are obtained from this study. leads to an overall decrease in the intrinsic hardness and the elastic modulus of the material. These trends reflect on the changes in the structure or the material, the mechanism of plastic deformation of the irradiated material, and most probably, ionimplantation-induced amorphization of the pristine structure.
(a) This relation tentatively supports the suggestion that plastic flow is the main deformation mechanism in ion-implanted hot-pressed ceramic B 6 O material. The softening of the ionimplanted specimen can be attributed to the amorphization of the surface layer, as identified by the micro-Raman spectroscopy characterization results.
(iv) The decrease in both the H/E ratio and the Meyer's index with ion dose might imply that F ion implantation of the B 6 O surface at a larger fluence is expected to cause a considerable increase in the surface plasticity.
Appendices
A. Oliver and Pharr Analysis Approach
The nanoindentation technique has been established as a powerful means of characterizing the near-surface mechanical properties of materials [54] . This technique relies on high-resolution instruments that simultaneously measure the load P and indenter displacements h, during the loading and unloading indentation steps. The important parameters obtained from the resultant P-h curve, which are schematically illustrated in Figure 8 , are the peak load P max , the maximum penetration depth h max , final penetration depth h f , and the contact stiffness S. The indentation analysis procedure developed by Oliver and Pharr (O&P) has been widely used for hard materials such as metals and ceramics [38, 39, 54] . The O&P method makes use of the data taken from the upper portion of the unloading curve fitted with the powerlaw relation given as
where m, the displacement exponent in the loaddisplacement relation and a, an unloading fitting parameter dependent on the elastic response of the material, are empirical constants to be determined using the power fitting of unloading data [49] . The derivative of P (A1) with respect to h yields the contact stiffness S, which is the initial unloading slope of the P-h curve:
The contact depth of the indent impression h c can either be derived by extrapolating the initial slope of the unloading P-h curve down to P = 0 or otherwise determined using an empirical formula as observed by Oliver and Pharr [38, 39] given by
where, in this case for the Berkovich indenter geometry, = 0.75 [38] . The contact area A c is the cross-sectional area at h c [55, 56] . Various experimental [56] and numerical [57] studies have established that, for the Berkovich indenter geometry, the projected A c can be approximated by the empirical formula:
where C 1 , C 2 , . . . , C 8 are constants determined by curvefitting procedures [55, 56] and are all defined based on the indenter tip radius [49] . However, for the Berkovich indenter geometry, projected area can be reduced to A c (h c ) ≈ 24.56 · h 2 c without compromising the accuracy of the results [54, 55, 58] .
When S and A c have been determined, the specimen's elastic modulus E s or simply E can then be evaluated using
where ν s and ν i are, respectively, the specimen and indenter Poisson ratios, E i is the indenter elastic modulus [54, 58] , and E r is the reduced elastic modulus given by
where β is a correctional factor introduced by King [59] to address the lack of indenter symmetry; for the Berkovich indenter β = 1.034 [58] . 10 The indentation hardness H has long been defined as the test force P divided by the projected area of contact A c [60] : However, it is also generally understood that hardness values derived using (A7) are often depth and load dependent; a single value is often inadequate to implicitly characterize the material property. 11
In order to extract the true or the intrinsic hardness of the specimen we applied an important material characteristic ratio, P/S 2 , first proposed by Joslin and Oliver [61, 62] , expressed as
Evidently, P/S 2 is independent of h and A c [62] . Therefore, if P is known and S and E r have been predetermined, the intrinsic harness of specimen, H(E), can be evaluated using (A8). In summary, the method outlined here has been applied in this study to extract the material nanomechanical properties (E from (A5) and H(E) from (A8) [62] ) from the measured nanoindentation data.
B. Supplementary Results: AFM Analysis
The AFM image of the pristine B 6 O specimen surface is shown in Figure 9 (a). Using Gwyddion v2.24 for profilometric data analysis, the surface roughness of the specimen was determined from the AFM images. The specimen surface appears to be characterized with an average roughness (R a ) of about 7 nm with a root mean square surface roughness amplitude (R q ) of 9 nm.
The AFM images all bear Berkovich indenter impressions from hardness testing because the imaging was originally intended to give an intuitive understanding of the state of the specimen surfaces after nanoindentation. However, as shown in Figures 9(b)-9(d) , striking morphological and structural transformations of the pristine material under ion irradiation have been observed.
The AFM images taken on the implanted samples depict an entirely different surface character from the pristine. Firstly, the images show compelling visual evidence of ionbeam-synthesized nanocrystalline structures decorating the specimen surfaces. Similar AFM structures have been also observed in metal ion-implanted oxide insulators by several authors and are usually attributed to the formation of the nanoparticles. Secondly, detailed image analysis measurements have demonstrated that the height of the particles is in the order of a few nanometres, with the average horizontal size of about 60 nm. However, it should be pointed out (at this stage) that, by using AFM observations, lateral dimensions of nanoclusters are usually enlarged due to the tip-object convolution effect and only height measurements can provide the real size of the main-size objects. Thirdly, we have also attributed the ion-beamsynthesized nanocrystalline structures observed in Figures  9(b)-9(d) to explain the variations of the line shapes of the Raman spectra of F ion-implanted hot-pressed B 6 O as shown in Figure 3 and reference [14] . Fourthly and lastly, the surfaces of the implanted samples appear to be much smoother in appearance than those of the pristine sample [63] , tentatively suggestive that possible sputtering and other dynamic processes could have influenced the surface morphology of the specimen during implantation.
